To investigate the role of the basal ganglia in parkinsonian tremor, we recorded hand tremor and simultaneous activity of several neurons in the external and internal segments of the globus pallidus (GPe and GPi) in two vervet monkeys, before and after systemic treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and development of parkinsonism with tremor of 5 and 11 Hz.
To investigate the role of the basal ganglia in parkinsonian tremor, we recorded hand tremor and simultaneous activity of several neurons in the external and internal segments of the globus pallidus (GPe and GPi) in two vervet monkeys, before and after systemic treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and development of parkinsonism with tremor of 5 and 11 Hz.
In healthy monkeys, only 11% (20/174) of the GPe cells and 3% (1/29) of the GPi cells displayed significant 3-19 Hz oscillations. After MPTP treatment, 39% (107/271) of the GPe cells and 43% (26/61) of the GPi cells developed significant oscillations. Oscillation frequencies of single cells after MPTP treatment were bimodally distributed around 7 and 13 Hz. For 10% of the oscillatory cells that were recorded during tremor periods, there was a significant tendency for the tremor and neuronal oscillations to appear simultaneously.
Cross-correlation analysis revealed a very low level of correlated activity between pallidal neurons in the normal state; 95.6% (477/499) of the pairs were not correlated, and oscillatory cross-correlograms were found in only 1% (5/499) of the pairs. After MPTP treatment, the correlations increased dramatically, and 40% (432/1080) of the cross-correlograms had significant oscillations, centered around 13-14 Hz. Phase shifts of the cross-correlograms of GPe pairs, but not of GPi, were clustered around 0°.
The results illustrate that MPTP treatment changes the pattern of activity and synchronization in the GPe and GPi. These changes are related to the symptoms of Parkinson's disease and especially to the parkinsonian tremor.
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Parkinson's disease (PD) is the most common movement disorder in the elderly. Its main manifestations are tremor, akinesia, rigidity, and postural instability. The most salient feature of PD is a lowfrequency rest tremor (Elble and Koller, 1990; Rajput, 1995) . The frequency of this tremor typically ranges between 4 and 6 Hz. Higher frequencies, of up to 9 Hz, can be found, especially in early stages of PD (Deuschl et al., 1998) and in patients with an early (Ͻ40 years of age) onset PD (Scholz and Bacher, 1995) . Another form of tremor that may be found in PD is postural-action tremor, which is characterized by smaller amplitudes and higher frequencies (Findley et al., 1981; Deuschl et al., 1998) .
Treatment of primates with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induces a parkinsonian syndrome (Langston et al., 1984; DeLong, 1990) . In most species of monkeys, this syndrome consists mainly of akinesia, rigidity, and postural instability with very little tremor (Tetrud and Langston, 1995) . In contrast, in vervet monkeys the symptoms include prolonged episodes of tremor as well (Redmond et al., 1985; Bergman et al., 1990) .
The underlying pathology of PD and MPTP-induced parkinsonism is a loss of midbrain dopaminergic neurons (Bernheimer et al., 1973; Gerlach et al., 1996; Pifl et al., 1996) . This results in a loss of the dopaminergic innervation to the striatum, affecting the neuronal activity in the striatum and in successive basal ganglia (BG) structures Wichmann and DeLong, 1998) .
Previous work revealed changes in the activity of globus pallidus (GP) neurons of MPTP-treated monkeys as compared with healthy ones. Firing rates of GPi cells increased, whereas GPe cells displayed decreased firing rates (Miller and DeLong, 1987; Filion and Tremblay, 1991; Bergman et al., 1994) . Single electrode recordings performed in human PD patients during surgical intervention designed to relieve parkinsonian symptoms revealed changes in firing rate similar to those found in primates (Hutchison et al., 1994 (Hutchison et al., , 1997 Merello et al., 1999) .
Changes in firing patterns and synchronization have also been reported (Filion, 1979; Nini et al., 1995; Hutchison et al., 1997; Bergman et al., 1998a; Hurtado et al., 1999) . Previous results from our group (Nini et al., 1995) showed that cross-correlograms in the GP of a normal Rhesus monkey were flat, indicating independent firing of the neurons. In MPTP-induced parkinsonism, synchronous oscillations developed. The present study further examines the changes in the oscillatory activity in the two segments of the GP and explores a possible relationship to the tremor.
Portions of these results have been reported previously in review articles (Bergman et al., 1998a,b) and in abstract form (Raz et al., 1997 (Raz et al., , 1999 .
MATERIALS AND METHODS
T wo vervet monkeys (monkeys H and I: Cercopithecus aethiops aethiops, female, weight 3-3.5 kg) were trained to perform a visuomotor task. The monkeys were required to respond to visual cues by making arm movements to receive liquid reward [for details see Raz et al. (1996) ]. The monkeys performed the task during recordings in the normal state. In the M P TP-treated state, the monkeys were akinetic and did not perform the task.
Surg ical procedures. After training, a stainless steel recording chamber (18 mm internal diameter) was attached to the skull to allow access to the GP. The recording chamber was tilted 50°laterally in the coronal plan, with its center targeted at stereotaxic coordinates A12, H1, and L9 (Contreras et al., 1981) .
Surgery was performed aseptically under general anesthesia (induced by ketamine hydrochloride, 13 mg / kg, i.m., and maintained with isoflurane 0.5-1% inhalation anesthesia). The monkeys' health was monitored by a veterinarian, and their fluid consumption, diet, and weight were monitored daily. The monkeys' care and surgical procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laborator y Animals (1996) and with the Hebrew University guidelines for the use and care of laboratory animals in research, supervised by the institutional animal care and use committee.
Recording procedures and data collection. During recording sessions the monkey's head was immobilized, and four to eight glass-coated tungsten microelectrodes (impedance 0.2-1 M⍀ at 1000 Hz) confined within a cylindrical guide (2.2 mm diameter) were advanced into the GP. Each electrode was separately advanced and optimally placed in the vicinity of GP cells. The output of each electrode was amplified with a gain of 5-20 K and band-pass-filtered with a 300 -8000 Hz four-pole Butterworth filter. The electrical activity recorded from each electrode was sorted and classified on-line using a template-matching algorithm (Worgotter et al., 1986) , implemented by a PC -based spike sorter (MSD, Alpha-Omega Engineering, Nazareth, Israel). The spike trains detected by this system, as well as the behavioral events and other measurements of the monkey's behavior, were recorded for off-line analysis. In some sessions we also recorded the analog output of the electrodes, sampled at 12 kHz per channel, using eight-channel digital audio tape (Teac, RD-130T, Teac Corporation, Tokyo, Japan).
Spike trains were divided into two groups according to the quality of their isolation. Well isolated spike trains are likely to be emitted by single neurons, whereas poorly isolated ones may result from a mixture of the spikes emitted by more than one neuron (usually two to three single cells). The two groups were therefore analyzed separately. Results from the two groups are presented together, unless significant differences were observed. Only stable spike trains (as judged by stable spike waveforms, stable firing rates, and consistent responses to behavioral events) were included in this study. All cells included in the study were recorded for Ͼ150 sec. Our sample was not biased toward task-related or movement-related cells.
During most of the recording sessions, a miniature monoaxial accelerometer (352A22, PBC, Depew, N Y) was attached to the monkey's contralateral hand to measure hand movements and to assess the tremor of the parkinsonian monkey. Parkinsonian akinesia was measured by daily recordings of the spontaneous cage activity of the monkeys. This was done using reflected sonar beams (Young et al., 2000) . Recordings were performed for 30 min, after feeding in the cage. During these recordings, the monkey was left alone and undisturbed in the room. Sonar output was sampled at 100 Hz in two perpendicularly oriented channels (measuring movement in the horizontal and vertical plains). The SD of this signal was used to estimate the degree of akinesia.
MPTP treatment. After 11 and 12 recording days in the normal state from monkeys H and I, respectively, the monkeys were treated with the neurotoxin M P TP (Aldrich, Milwaukee, W I). The treatment comprised four daily intramuscular injections of 0.5 and 0.4 mg / kg in monkeys H and I, respectively. The monkeys developed severe parkinsonism 3-4 d after initiation of the treatment. Recordings were resumed 5 and 3 d after completion of the treatment in monkeys H and I, respectively.
Data anal ysis. We performed quantitative analysis of the tremor frequencies, single cell oscillations, correlated activity in pairs of cells, and relationship of the single cell oscillations to the tremor. For all measured phenomena we set a threshold based on the data set for optimal detection. In all cases same threshold was used for the data before and after M P TP treatment.
Tremor was estimated using the power spectrum of the accelerometer output. The data were segmented into 2.56 sec segments. A power spectrum was calculated for each such segment, allowing 0.4 Hz resolution of the frequencies. We estimated the frequency of the tremor by finding the peaks in the power spectrum between 3 and 19 Hz (Ͼ3 and Ͻ19 Hz). For every peak in this range we defined a signal-to-noise ratio (SN R) as the difference between the maximum power and the average of the power spectrum (0 -50 Hz), divided by the SD of the power spectrum (Lenz et al., 1988) . A peak was considered significant if the SN R was larger than 3 SD.
Single-cell periodic oscillations were detected using the autocorrelograms of all recorded spike trains, calculated for Ϯ500 msec offset with bin size of 1 msec. The power spectra of the spike trains were calculated by the Fourier transform of the autocorrelograms, allowing 1 Hz resolution of the frequencies. The power spectra were calculated after removing the trough of the refractory period around time 0 in the autocorrelograms (reducing high-frequency noise) and after subtracting the average firing rate of the cell (reducing the DC offset). A cell was considered oscillatory if a significant peak was found in the power spectrum between 3 and 19 Hz (Ͼ3 and Ͻ19 Hz). For every peak we calculated the SN R in a similar fashion to the tremor, i.e., the difference between the peak power and the mean power between 3 and 30 Hz, divided by the SD of the entire power spectrum (0 -500 Hz, in this case). Additionally, an oscillation index (OI) was calculated for all peaks. The OI was defined as the area under the peak, divided by the total power in the power spectrum. A peak was considered significant if the SN R was larger than 5 SD or if it had an OI of Ͼ5%. For cells with more than one significant peak (between 3 and 19 Hz), we measured the power and frequency of all peaks and considered the cell as oscillatory in all of these frequencies.
Correlated activity of cells was estimated using the cross-correlograms of pairs of recorded cells. Cross-correlograms were computed only for pairs recorded by different electrodes to ensure that all pairs reported are indeed pairs of different cells. Only correlograms with over 500 spikes for each cell, recorded simultaneously for Ͼ150 sec, were included in the study. The correlograms were calculated for Ϯ500 msec offset, using 1 msec bins. We tested the null hypothesis of independent activity (i.e., flat cross-correlogram) by searching for significant peaks and troughs and by searching for periodic oscillations in the cross-correlograms. A crosscorrelogram was considered to have a significant peak if there were more than three consecutive bins with a value higher than the baseline firing rate by at least 2.5 SD. Baseline firing rate and SD were estimated using the first and last 200 msec of the cross-correlogram. The same analysis was repeated to find significant troughs. The power spectra of all the crosscorrelograms were calculated after subtracting the baseline firing rate (reducing the DC offset). We used the same methods described for the autocorrelograms to define oscillatory cross-correlograms and measure their frequency. We also estimated the phase shift of the oscillatory cross-correlograms at the peak frequency from the phase of the Fourier transform of the cross-correlogram. Phase shifts larger than 180°were corrected to the complementary phase (equal to the phase of the same pair after switching between the reference and trigger unit).
To explore the relationship between neuronal oscillatory activity and tremor, we cut the data into segments lasting 20.48 sec. For each such segment we calculated the power spectrum of the tremor and the neuronal activity (smoothed using a 25 msec-wide Hamming window and downsampled to 100 Hz). We calculated the SN R for both power spectra. As before, tremor segments with SN R Ͼ3 and neuronal oscillations with SN R Ͼ5 were considered significant. Segments included two oscillatory signals, no oscillatory signal, or one oscillatory signal. For each cell we used the 2 test to estimate the probability of getting this distribution by chance. The coherence f unction of the tremor and neuronal oscillation was also calculated for short data segments.
Histolog ical anal ysis. At the conclusion of the experiments, 47 d after M P TP treatment, monkey I was killed with an overdose of sodium pentobarbital. Monkey H, who was strongly affected by the M P TP treatment, survived only 20 d. Both monkeys were perf used transcardially with normal saline, followed by 4% formaldehyde. Alternate 50 m sections were stained with cresyl violet and tyrosine hydroxylase immunohistochemistry. Recording locations were verified by histological reconstruction of the guide tube and the tracks of the electrode. The tyrosine hydroxylase immunohistochemistry data were used to assess the degree of dopaminergic cell loss in the midbrain.
RESULTS

General effect of MPTP treatment
The MPTP treatment induced severe parkinsonian symptoms in both monkeys. The monkeys displayed akinesia, severe postural abnormalities, including flexed posture, rigidity, and tremor. They could not feed themselves and required feeding with a liquid diet (Ensure Plus, Abbott Laboratories). We did not perform a quantitative analysis of the tyrosine hydroxylase immunohistochemistry results. However, qualitative examination of the tyrosine hydroxylase immunohistochemistry slides clearly revealed severe loss of dopaminergic cells in the midbrain of both monkeys matching the severity of the induced parkinsonism.
On the whole, the severity of the parkinsonism induced in monkey H was greater than that of monkey I. Monkey I developed severe parkinsonian symptoms (Elsworth et al., 2000) but to a lesser extent. Monkey H showed no clinical improvement during the recordings, whereas monkey I improved clinically toward the end of the recordings and could perform simple movements like reaching for fruit. However, even in this state it was severely akinetic and needed nutritional support and feeding.
The effect of MPTP treatment on spontaneous movement of the monkeys
Spontaneous movements of the monkeys in their home cages were recorded in 15 and 9 sessions of monkey H and I, respectively, before MPTP treatment, and in 13 and 12 sessions of monkey H and I, respectively, after MPTP treatment. Figure 1 , A and B, demonstrates a clear decrease of spontaneous movements of the monkeys after MPTP treatment.
Both monkeys showed decrease in the average SD of activity per session after MPTP treatment. In monkey H (Fig. 1C) , the SD of vertical movements dropped by 70% and of horizontal movements by 74% ( p Ͻ 0.001 for both, t test). In monkey I (Fig. 1 D) , the SD of vertical movements dropped by 45% ( p Ͻ 0.05, t test) and of horizontal movements by 79% ( p Ͻ 0.001, t test).
Tremor in the parkinsonian monkeys
Clinical tremor was observed in both monkeys as early as the last day of MPTP injection and was fully developed within 1 week. The tremor was usually action/postural, appearing mainly in the axial muscles. However, rest tremor and distal muscle tremor were also observed. The tremor often occurred during feeding and other care of the monkey.
In the normal state, the monkeys performed a behavioral task. In the task the monkeys waited for an instruction to move (a visual cue) with no hand movement. After the instruction the monkeys reached toward a target key ( Fig. 2 A, B ). In the normal state, only 1.6% (0.4% in monkey H, 4.2% in monkey I) of the recorded accelerometer segments had a significant peak between 3 and 19 Hz. After MPTP the power spectra were dominated by the tremor oscillations ( Fig. 2C,D) . In this state, 13.3% (16.8% in monkey H, 10.8% in monkey I) of the recorded accelerometer segments had a significant peak between 3 and 19 Hz.
The distributions of these frequencies are plotted in Figure 3 . Overall, the tremor frequencies were distributed bimodally around 5 and 11 Hz. On examination of the distribution of tremor frequencies after MPTP administration, it seemed that the tremor phenomena evolved over time (Fig. 4 A, C) . During the first few days after MPTP administration, there was a marked tendency of the tremor to be centered in the low-frequency range (4 -6 Hz). After ϳ1 week, tremor appeared in the high-frequency range (10 -14 Hz) as well. Similar results were obtained for oscillatory cells and will be discussed below.
Neuronal database
During 23 recording days in the normal state (11 d with monkey H, 12 d with monkey I), we recorded the activity of 215 GP cells. Using histological and electrophysiological criteria (DeLong, 1972) , we identified 174 of the cells as GPe cells, 29 as GPi cells, and 12 as "border" cells.
After MPTP treatment, 18 recording days were performed (9 in monkey H and 9 in monkey I). During this period we recorded the activity of 349 cells (271 GPe cells, 61 GPi cells, and 17 border cells). Note, however, that electrophysiological differentiation between GPe and GPi cells proved more difficult in this state, because cells in both areas changed their firing patterns. In this state, we based our estimation of the cell location mainly on the mapping of the area acquired in the normal state and on the histological reconstruction. However, a few cells may have been classified to the wrong nucleus in this state. The monkeys could not perform the task in the MPTP-treated state, so the recording sessions in this state were done with only external cues (including the reward). In most of these sessions the monkeys did not perform any movements and sometimes fell asleep during the session. Table 1 shows the number of single units and cell mixtures recorded in the two monkeys in each location and state.
The average recording time per cell was 2280 sec (38 min). The maximum recording time was 2.5 hr. The average number of spikes was 134,000 spikes per cell.
Effects of MPTP on firing rates of single cells
The average firing rates were calculated only for well isolated units. However, units consisting of mixtures of cells showed very similar results. The firing rates of the two monkeys in the different states are presented in Figure 5 . The firing rates of GPe cells decreased by 23% ( p ϭ 0.07, t test) in monkey H and 33% ( p Ͻ 0.01, t test) in monkey I after induction of parkinsonism. The firing rates of GPi cells were higher than those of GPe cells in both states. The firing rates of GPi cells also decreased after MPTP treatment. However, the decrease was not significant and much smaller compared with GPe cells (11% for monkey H and 20% for monkey I). Border cells did not display changes in firing rate after induction of parkinsonism.
Changes in the firing patterns of single cells: periodic oscillations
In the normal state, 11% (20/174) of the recorded cells in the GPe and 3% (1/29) in the GPi had oscillatory autocorrelograms (Fig.  6 A-C) . There was no significant difference between well isolated units and mixtures. Only border cells had a considerable portion of oscillatory neurons in this state: 33% (4/12) of the border cells were oscillatory. However, border cell oscillations were composed of single spikes, unlike other GP structures that oscillate with bursts.
After induction of parkinsonism, 39% (107/271) of the cells in the GPe, 43% (26/61) of the cells in the GPi, and 65% (11/17) of the border cells had oscillatory autocorrelograms (Fig. 6 D-F ) . It can be seen that the oscillatory autocorrelograms are a result of rhythmic bursting of the recorded cells (Fig. 6 D) . Figure 7 depicts the number and percentage of neurons with 3-19 Hz periodic oscillations in the two monkeys and the two states. As before, there was no significant difference between the well isolated units and cell mixtures. There was, however, a large difference in the fraction of oscillatory cells between the monkeys after MPTP treatment (Fig. 7) . Monkey H had twice the amount of oscillatory neurons as monkey I. This difference between the monkeys was present in both nuclei and border cells and was consistent with the difference in severity of clinical symptoms between the two monkeys.
Cells with significant oscillations (OI Ͼ5% or SNR Ͼ5 SD) in the MPTP-treated state had stronger oscillations compared with cells recorded in the normal state (Fig. 8) . The average OI of these cells increased from 0.08 Ϯ 0.05 for cells with significant oscillations in the normal state to 0.12 Ϯ 0.08 after MPTP treatment ( p Ͻ 0.01, t test). The average SNR tended toward an increase after treatment (6.5 Ϯ 3.2 to 7.8 Ϯ 4.0), but this increase was not statistically significant. The difference in OI values was significant for GPe cells ( p Ͻ 0.05, t test). However, in the normal state only one GPi cell and four border cells were oscillatory, so we could not estimate the change in OI and SNR of oscillatory cells in these The number of days after the last MPTP injection is written on each plot. In both monkeys the tremor in the first few days was mainly ϳ4 -6 Hz, but as time evolved tremor appeared in the higher frequencies (10 -14 Hz) as well. The oscillatory activity of neurons behaved in a similar fashion. This was more pronounced in monkey H, which was more severely parkinsonian than monkey I.
nuclei. There was no significant difference in the strength of single cell oscillations between the two monkeys.
The oscillations of GPe and GPi cells in the parkinsonian state were centered at 7 and 13 Hz (Fig. 9 B, D) . In the GPe, 30% of the significant oscillations had a frequency of 7 Hz, and 23% had a frequency of 13 Hz. Similar oscillation frequencies were observed in the GPi, where 40% of the oscillations had a frequency of 7 Hz and 32.5% had a frequency of 13 Hz. The oscillatory activity was too rare and weak in the normal state to estimate whether it was confined to a specific frequency (Fig. 9 A, C) .
Some of the oscillatory cells in the GPe and GPi oscillated at more than one frequency. A second oscillation frequency was found only in one cell in the normal state. In the parkinsonian state, 47 cells (35% of the oscillatory cells) fired at more than one oscillatory frequency. Thirty-three of these cells were found in the GPe, constituting 31% of the GPe oscillatory cells. In the GPi, 14 cells (54% of the GPi oscillatory cells) followed this pattern. Although we cannot systematically rule out the possibility that the higher frequency in the power spectrum was a harmonic of the lower frequency (Gresty and Buckwell, 1990) , there are indications that this is not the case. First, there were cases in which one frequency was not a multiple of the other (Fig. 10 A) . Second, examination of the raw data and autocorrelograms revealed lowamplitude, high-frequency waves superimposed on slower waves of higher amplitude (Fig. 6E) . The appearance of high-frequency waves in the autocorrelograms and high-frequency bursts in the data suggests that a high-frequency activity exists in the data and is not simply a harmonic of the low frequency (Mehta and Bergman, 1995) .
After MPTP treatment, the frequencies of oscillatory neurons showed an evolution similar to that of the tremor (Fig. 4) . There was a tendency of neurons oscillating at the lower frequency regime to dominate during the first week. In later stages, more neurons Examples of 2 sec of raw data. B, E, Autocorrelograms of the respective cell. C, F, Power spectra of the respective autocorrelograms. Raw data are filtered at 300 -5000 Hz and sampled at 12,000 Hz. Autocorrelograms are calculated for 500 msec, using 1 msec bins. The power spectrum is calculated by taking the Fourier transform of the autocorrelograms from time Ϫ500 to 500 msec after removing the trough around time 0 and after subtracting the average firing rate. The details of each cell with significant oscillations are given on the power spectrum graph. F, Frequency of the significant peaks; S, signal-to-noise ratio; OI, oscillation index. In cases with more than one significant peak, the details of the peaks appear in the order of their strength. were found with oscillations in the higher frequency regime. This was more pronounced in monkey H than in monkey I.
Correlated activity: cross-correlograms database
We calculated all possible cross-correlograms of pairs recorded from different electrodes (distance Ͼ0.4 mm). The crosscorrelograms were divided into pairs composed only of well isolated neurons and pairs in which at least one of the two was not well isolated. 
Correlated activity: peaks and troughs
In the normal state, 5% (15/303) of the recorded pallidal pairs in monkey H and 2% (4/196) in monkey I had a significant peak in their cross-correlograms. One percent (4/303) of the recorded pallidal pairs in monkey H and 0.5% (1/196) in monkey I had a significant trough in their cross-correlograms. One cross-correlogram in monkey H and one in monkey I displayed a complex pattern including both peaks and troughs. Overall, most cross-correlograms in this state were flat, and only 4.4% (22/499) had a significant peak or trough. Figure 11 A depicts typical recordings in the normal state, and Figure 12 depicts the auto-and cross-correlograms of the same cells. There was no significant difference between the pairs of well isolated units and all other pairs (Bedenbaugh and Gerstein, 1997 ). All 22 cross-correlograms with significant effects involved at least one GPe neuron. Eighteen of these cross-correlograms were of pairs of GPe cells, and the other four were between pairs of GPe and border cells. All of the significantly non-flat cross-correlograms in the normal state were non-oscillatory. Correlated activity was much more pronounced after MPTP treatment (Fig. 13 A, B) . In this state, 23.5% (150/637) of the recorded pallidal pairs in monkey H and 11.5% (51/443) in monkey I had significant peaks in their cross-correlograms. Eighteen percent (113/637) of the recorded pallidal pairs in monkey H and 7% (31/443) in monkey I had a significant trough in the crosscorrelograms. There were 92 correlations with complex patterns including both peaks and troughs in monkey H (54% of the significantly non-flat cross-correlograms) and 21 in monkey I (34% of the significantly non-flat cross-correlograms). Many of these complex patterns consisted of periodic oscillations (see below). Overall, 21.5% (232/1080) of the cross-correlograms after MPTP treatment were significantly non-flat. There was a higher fraction of significantly non-flat cross-correlograms in monkey H than monkey I (Fig. 13 A, B) . There was no significant difference between the pairs of well isolated units and all the other pairs.
Correlated activity: oscillations
The previous section describes peaks and troughs in crosscorrelograms. Most of the non-flat correlograms were also oscillatory (91%, 156/171 in monkey H; 80%, 49/61 in monkey I). Note, however, that identification of periodic oscillations in the crosscorrelograms was performed independently of the identification of peaks and troughs (see Materials and Methods). Hence, pairs could have significant correlated oscillations with no significant peaks or troughs in their cross-correlograms. Figure 14 demonstrates a typical cross-correlogram with significant oscillations without significant peaks or troughs. Oscillatory cross-correlograms with no significant peaks or troughs were detected in 48% (142/298) of the oscillatory cross-correlograms in monkey H and in 63% (85/134) of these cross-correlograms in monkey I. In the normal state, only 1.0% (5/499) of the recorded pallidal neurons had cross-correlograms with significant 3-19 Hz periodic oscillations. Of the five pairs with oscillatory cross-correlograms, four were pairs of well isolated units. We found four oscillatory cross-correlograms in pairs of GPe cells and one between a GPe and GPi cell. This number increased dramatically after MPTP treatment (Fig. 13C,D) , where 40% (432/1080) of the recorded pairs had oscillatory cross-correlograms. Of the pairs with oscillatory cross-correlograms, 92 were pairs with only well isolated units (43% of the well isolated pairs) and 340 with mixtures (39% of these pairs). There was no significant difference in the fraction of oscillatory correlations between the different nuclei. Figure 15 , A and B, depicts typical cross-correlograms after MPTP treatment. Most pairs with oscillatory cross-correlograms were composed of at least one cell with an oscillatory autocorrelogram. However, in 17% (75/432) of these pairs, the autocorrelograms of both cells did not display significant oscillations. Typical examples of cells recorded in this state are presented in Figure 11 B and their auto-and crosscorrelograms are presented in Figure 15B . It can be seen that cells with oscillatory cross-correlograms tend to burst simultaneously.
We did not compare the strength of oscillation in the crosscorrelograms before and after MPTP treatment because there were not enough oscillatory cross-correlograms in the normal state to obtain a reliable estimation. After MPTP treatment, correlated oscillations were stronger and more frequent in monkey H than in monkey I. In monkey H, 47% of the cross-correlograms were oscillatory. The average OI of the cross-correlograms with significant oscillations was 0.121 Ϯ 0.105, and the average SNR was 11.5 Ϯ 4.0. In monkey I, 30% of all cross-correlograms were oscillatory, the average OI was 0.58 Ϯ 0.05 ( p Ͻ 0.01, t test), and the average SNR was 9.7 Ϯ 3.9 ( p Ͻ 0.01, t test).
The oscillation frequencies in the parkinsonian state were centered at 13-14 Hz (Fig. 15C) . The effect was weaker in the pairs of GPe cells than in all other groups. Overall, 54% (262/482) of the significant oscillation frequencies (including second significant oscillation frequencies; see below) were in the 13-14 Hz frequency range. This effect was weaker in pairs of well isolated units than in mixtures: 39% (43/109) compared with 59% (219/373). This difference was most notable in pairs of GPe cells, where the frequencies of oscillatory pairs with only well isolated neurons were widely distributed. The 13-14 Hz oscillations were always stronger than the rest of the oscillations. The mean OI in this regimen was 0.135 Ϯ 0.108, whereas the mean OI for the rest of the significant oscillations was 0.056 Ϯ 0.049. The mean SNR was 12.3 Ϯ 3.6 for this regimen and 9.1 Ϯ 3.9 for the rest of the significant oscillations.
No second oscillation frequency was observed in any of the pairs in the normal state. In the parkinsonian state we found 47 pairs (11% of pairs with oscillatory cross-correlograms) with more than one oscillation frequency. Both cells had more than one significant oscillation frequency in only two of these pairs, and one of the cells displayed this phenomenon in 19 pairs. These results imply that the second oscillation frequency in the cross-correlograms is not a simple reflection of the single-cell oscillations. As for the autocorrelograms, we cannot rule out the possibility that the higher frequency in the power spectrum is a harmonic of the lower frequency. However, there are many correlograms in which the low frequency is not a multiplication of the higher frequency (Fig. 10 B) . Examination of the cross-correlograms also revealed similar results of low-amplitude high-frequency oscillations superimposed on highamplitude low-frequency oscillations [see Fig. 15B crosscorrelogram of cells 7 (Unit 7 ) and 24 (Unit 24 )], implying two independent processes in the cross-correlograms as well.
The phase shifts of oscillatory correlations in the MPTP-treated state were different in the different nuclei (Fig. 15D) . Pairs of GPe cells had phase shifts centered on 0°. The phase shifts of pairs of GPi cells and pairs of GPe and GPi cells were widely distributed. GPe and border cells had phase shifts centered at 180°. However, this was mainly because of two border cells that were in anti-phase to all other cells recorded in the same session. Thus, the significance of this result is yet to be determined. Figure 10 . Relationship between the first oscillation frequency and second oscillation frequency of correlograms with more than one significant oscillation frequency. A, Autocorrelograms. B, Cross-correlograms. x-axis represents the frequency of oscillation frequencies with the highest peak in the power spectrum, and y-axis represents the frequency of the second peak. We jittered the data points by a random value of Ϯ0 -0.2 Hz horizontally and vertically to allow the reader to estimate the number of data points in each location. The lines on the graphs represent the cases in which one frequency is a multiplication of the second ( y ϭ 2x, y ϭ 0.5x).
Relationship between the oscillatory neuronal activity and the tremor
Examination of the raw data indicates that both oscillatory activity and tremor are dynamic phenomena. Tremor was present in some episodes but not in others, and tremor frequency occasionally varied either between episodes or within episodes. A similar pattern was found for the neuronal activity: namely, different cells exhibited a different number of oscillatory episodes and their frequency sometimes varied between the different episodes. An example of such a cell is given in Fig. 16 , in which the same cell is oscillatory at 5.1 Hz during one recording session (Fig. 16C, middle) and at 6.2 Hz during a different session (Fig. 16 F, middle) . Figure 11 . Examples of simultaneous recordings of the activity of a number of cells in the globus pallidus. Electrode output filtered at 300 -5000 Hz and sampled at 12,000 Hz. A, Normal monkey. B, MPTP-treated monkey. Auto-and cross-correlograms of these cells are given in Figures 12 and 15 B. Figure 12 . Auto-and cross-correlograms with power spectra of GP cells in a normal monkey. A, Autocorrelograms. B, Cross-correlation matrix. Identification of the trigger unit appears at the top, and identification of the reference unit appears at the left. Bin size was 1 msec, and no smoothing was performed. The y-axis displays conditional firing rate. C, Power spectra of all the autocorrelograms (top) and crosscorrelograms (bottom). Cells 9 (Unit 9) and 17 (Unit 17 ) were from the GPe, and cells 13 (Unit 13) and 25 (Unit 25) were from the GPi. AC, Autocorrelograms; CC, cross-correlograms. There were data segments in which a cell and tremor had significant power in the same frequency as the tremor, as well as a significant coherence function (Fig. 16 A-C) . However, other segments of the same cell displayed very little coherence to the tremor (Fig. 16 D-F ) .
To estimate the rate of common occurrences of neuronal oscillations and hand tremor, we searched the segmented data (segment duration of 20.48 sec) for neuronal oscillations and tremor. To do that, we selected cells that were recorded during a period that included segments with hand tremor and segments during which the cell activity was oscillatory. We then calculated the 2 ϫ 2 2 distribution for all possible combinations of neuronal oscillations and tremor (counting segments with both oscillations and tremor, segments with no oscillations and no tremor, and segments with only one or the other). For 11% (21/190, 18 GPe, 2 GPi, and 1 border) of these cells there was a significant ( p Ͻ 0.01) dependence between the timing of tremor and neuronal oscillations. There was a tendency of the recorded segments to be either with both oscillatory or with both non-oscillatory. For the cells with significant dependence, 80% (4162/5203) of the segments were either both oscillatory or both non-oscillatory.
Previous studies (Hutchison et al., 1997) found a linear relationship of the low-range frequencies of neuronal oscillations and tremor. We performed linear regression analysis of the average frequencies of oscillations and tremor over all the recording period Fig. 8 . Inset, Power spectrum of the cross-correlogram. This pair displays significant oscillations, but there is no significant peak or trough. Details characterizing the oscillation are given on the graph: F, frequency of oscillatory correlograms; p, phase shift in degrees; S, signalto-noise ratio; OI, oscillation index.
and of the average frequencies of oscillations and tremor, choosing only segments with significant oscillations in both signals. However, no significant regression was found in either the entire frequency range (3-19 Hz) or the low frequencies (3-7 Hz). We did find a tendency of the oscillatory cells and the tremor to be in the same frequency regimen according to the bimodal distribution of their frequencies (low frequency, 3-8 Hz; high frequency, 9 -18 Hz). However, this was significant only when using SNR Ͼ2 for the definition of significant tremor.
DISCUSSION
We studied neuronal activity in the GP of vervet (African green) monkeys before and after MPTP treatment. The results demonstrated dramatic modification of neuronal activity in the GP, including the emergence of oscillatory temporal patterns of single neurons with frequency contents similar to that of the tremor and oscillatory synchronized activity of neuronal pairs confined to the high-frequency range. Fig. 12 . Details characterizing the oscillations are given on the graph: F, frequency of oscillatory correlograms; p, phase shift in degrees; S, signal-to-noise ratio; OI, oscillation index. In cases with more than one significant peak, the details of the peaks appear in order of their strength; AC ϭ autocorrelograms; CC ϭ cross-correlograms. 
Parkinsonism in vervet monkeys
Most electrophysiological studies of MPTP-treated monkeys were conducted on Rhesus monkeys (Miller and DeLong, 1987; Filion and Tremblay, 1991; Nini et al., 1995; Bezard et al., 1998) . These monkeys seldom develop tremor. In contrast, MPTP-treated vervet monkeys develop long episodes of tremor (Redmond et al., 1985) , similar to those in human patients (Scholz and Bacher, 1995) . Interestingly, vervet monkeys were the only species reported to develop a "resting tremor of 4 -6 Hz" in early PD models (Goldstein et al., 1976) . Tremor frequencies of the MPTP-treated vervet monkeys displayed a bimodal distribution around 5-6 and 11-12 Hz similar to that of human patients. The similar frequency ranges suggest a central origin of the tremor, because peripherally driven tremor should be affected by the different biomechanical characteristics. The higher frequency may be related to postural tremor (Findley et al., 1981) , which may be caused by a different mechanism than that of the low-frequency (rest) tremor.
Firing rate of pallidal neurons
In agreement with current models of the BG (Albin et al., 1989; DeLong, 1990; Wichmann and DeLong, 1996; Lang and Lozano, 1998) and previous studies (Miller and DeLong, 1987; Filion and Tremblay, 1991; Boraud et al., 1998) , firing rates in the GPe dropped significantly after MPTP treatment. The firing rates in the GPi decreased, unlike in previous studies of Rhesus monkeys (Miller and DeLong, 1987; Filion and Tremblay, 1991) and human physiological studies (Vitek et al., 1993; Hutchison et al., 1994; Beric et al., 1996; Lemstra et al., 1999) . However, the decrease of GPi firing rates was not significant. Similarly, less robust changes of the average firing rate of GPi cells in vervet monkeys were reported previously (Bergman et al., 1994; Wichmann et al., 1999) . This inconsistency may be because of the difference in species and the chronic effects of levodopa treatment (in the human studies). Other factors may have contributed as well: arousal level of the monkeys, recording techniques (e.g., spike sorting), and different bias in the selection of the recorded cells. Further work is needed to clarify this issue.
Firing pattern of pallidal neurons
A major change in the activity of the GP cells in the parkinsonian state was in the firing pattern. In vitro and in vivo studies (Nambu and Llinas, 1994; Plenz and Kital, 1999; Ruskin et al., 1999; Magill et al., 2000) revealed that GP cells and networks have the tendency toward oscillatory activity. GP cells were reported to form bursting and oscillatory activity in the MPTP primate model of parkinsonism (Miller and DeLong, 1987; Filion and Tremblay, 1991) . In the normal monkeys, 10% of the GP cells demonstrated 3-19 Hz periodic oscillatory activity. This is in line with a previous study (Bergman et al., 1994) using different analysis methods (Karmon and Bergman, 1993) which reported that 5% of the cells demonstrated oscillatory activity in the normal state. After induction of parkinsonism, 41% of GP cells became oscillatory. This suggests that oscillatory activity in the BG is a weak but normal phenomenon, and in the parkinsonian state it increases dramatically in both strength and amount. Oscillatory activity may also be related to the degree of parkinsonism: monkey I was less severely parkinsonian and had fewer oscillations after induction of parkinsonism than monkey H. Oscillatory activity dominates many regions of the brain during sleep (Steriade et al., 1993 (Steriade et al., , 1994 . The monkeys did not perform the task after MPTP treatment and slept during part of the recording time in this state. This raised the possibility that the oscillations reported are a result of the sleep. However, strong oscillatory activity was not dominant in cells recorded during sessions in which the monkeys did not perform the behavioral task and probably slept in the normal state. Furthermore, we found oscillatory activity during sessions in which the monkey was awake after MPTP treatment (data not shown).
In the parkinsonian state, one-third of the oscillatory cells contained oscillations at two frequencies. The high frequency may be a harmonic of the low frequencies (Gresty and Buckwell, 1990) . Examination of the raw data and autocorrelograms, however, suggests that the two frequencies emerge by independent processes. Moreover, as reported previously (Filion, 1979) , we found that cells shift between different oscillation frequencies.
Correlated activity in the GP of the normal and MPTP-treated monkeys
In agreement with previous reports (Nini et al., 1995) , we found that in a normal monkey the firing of cells is typically noncorrelated. More than 95% of the cross-correlograms were flat. The lack of correlated activity supports the notion of "parallel" flow of information through the BG circuitry in the normal monkey (Bergman et al., 1998a) .
In the present study we found that 40% of the pallidal pairs exhibited significant synchronous oscillations after MPTP treatment. This is in agreement with previous works that suggested a loss of independence between pallidal neurons after MPTP treatment, based on loss of specificity to passive movement (Filion et al., 1988) and to striatal stimulation (Tremblay et al., 1989) . The phase shifts of oscillatory cross-correlograms in our data were different in different nuclei. In GPe they were clustered around zero, and in GPi the distribution was much wider, indicating weaker synchrony in GPi compared with GPe. In a previous study from our laboratory using an MPTP-treated Rhesus monkey (Nini et al., 1995) , we grouped GPe and GPi neurons together and found that 19% of the pallidal pairs displayed significant synchronous oscillations and that the phase shifts of these oscillatory cross-correlograms were widely distributed. There is an obvious similarity between our results and the results obtained from the Rhesus monkey. However, the phase shift distribution was totally different, and the fraction of correlated pairs was much higher in the present work (40% compared with 19%). These differences may be key features responsible for the different clinical phenomena between the two species. Nevertheless, we cannot rule out the possibility that the differences are a result of discriminating between the different pallidal nuclei and that the correlated activity is responsible for other parkinsonian phenomena but not the tremor.
The finding that the high-frequency oscillations were found in both auto-and cross-correlograms whereas low-frequency oscillations were found only in the autocorrelograms suggests that the high-frequency oscillations are the result of network dynamics, whereas the low frequency may reflect the dynamics of individual neurons. Oscillatory cells in the GP of normal monkeys were fewer and weaker than in parkinsonian monkeys. Uncorrelated activity kept the oscillations segregated and weak. During coupling, these oscillations presumably increased and propagated throughout the BG-thalamocortical loop. Such a phenomenology of oscillatory neurons has been reported previously (Golomb et al., 1992 (Golomb et al., , 1996 . Reports of oscillatory activity in the thalamus and cortex of human PD patients (Lenz et al., 1988; Volkmann et al., 1996; Magnin et al., 2000) support this hypothesis.
Are the neuronal oscillations related to the tremor?
Tremor-related oscillatory activity was reported previously in the GP of human PD patients (Hutchison et al., 1997; Hurtado et al., 1999; Magnin et al., 2000) and monkeys (Filion, 1979; Bergman et al., 1994; Nini et al., 1995) . These results led to the hypothesis that neuronal oscillations in the BG cause the parkinsonian tremor. In contrast, Lemstra et al. (1999) found only one cell with significant coherence to the tremor of 44 GPi cells that were recorded simultaneously with the tremor. Our results suggest that the relationship of the tremor and neuronal oscillation is dynamic, thus allowing significant average results as well as examples of short coherent segments.
Both cells and tremor were found to have bimodal distributions of frequency: a low range (5-6 Hz for tremor, 7 Hz for neurons) and a high range (10 -13 Hz for tremor, 13-14 Hz for neurons). The shift of the frequencies of the two signals indicates a complex relationship of the oscillatory neuronal activity and the tremor. The number of instances in which there was significant tremor during segments with neuronal oscillations was more than expected by chance in 10% of the studied cells. Furthermore, frequencies of both tremor and oscillatory neural activity evolved in a similar manner after the MPTP treatment. These results suggest a strong relationship between the cells and tremor. However, linear regression analysis failed to show the significant covariation of the average frequencies of tremor and neuronal oscillation reported previously (Hutchison et al., 1997 ).
An obvious explanation for the lack of significant covariation in our data is a difference in species, but there are also other possibilities. We recorded only hand tremor but did not bias our choice of GP cells, unlike Hutchinson et al. (1997) , who chose handrelated GPi cells. Because tremor of different body parts is not correlated (Bergman et al., 1998b; Lauk et al., 1999; Raethjen et al., 2000) , we may have included cells related to tremor of different body parts. Moreover, we averaged oscillation frequencies over a long duration, whereas Hutchinson et al. (1997) used frequencies calculated over short time segments. Because tremor and neural oscillations are dynamic, our results included segments with no tremor and no oscillatory neuronal activity, as well as segments with neuronal activity at different frequencies. Averaging over all the data lowered the probability of observing strong covariation. The cell in Figure 16 was strongly coupled to the tremor for a short duration and then decoupled. During the first segment, the cell and tremor had the same frequency and showed a peak in their coherence function. In the second segment, the same cell was not correlated to the tremor.
There seems to be both a temporal and spectral relationship between the neuronal activity and the tremor. Thorough frequency and time domain analysis of these dynamic phenomena is necessary to unveil the specific relations between these phenomena. Nevertheless, we found a significant relationship between the neuronal oscillations and tremor, suggesting that the modification of patterns of activity of single cells and the pattern of correlated activity in the GP constitute the central origin for parkinsonian symptoms, especially the tremor.
